INTRODUCTION
It is difficult to know how many fatalities and injuries in an earthquake may have been avoided by a mitigating action because the result without the mitigation can usually not be estimated with a useful reliability. The case of the evacuation before the 1975, M 7.3, Haicheng earthquake offers a rare opportunity to quantitatively estimate the number of casualties saved. We show that the computer tool QLARM has calculated the human losses in eight damaging earthquakes in China approximately correctly within 40 min, without information from the affected area. Therefore, our estimates of the numbers of casualties that would have resulted in the Haicheng earthquake without evacuation are reasonably reliable. The numbers of fatalities and injured saved are estimated to have been about 8000 and 27,000, respectively, (60%). We propose that advanced scenario modeling of the losses in disasters, natural or man-made, allow estimates of the effectiveness of mitigation.
Evaluation of the effectiveness of countermeasures for disaster risk reduction in saving lives is a seemingly impossible job, although it plays an important role in the review and improvement of the preparedness for and mitigation of disasters. With new data accumulated and new tools developed, this becomes feasible to some extent for some cases. In this report, we select a specific disaster (a damaging earthquake), a specific time scale (short-to-imminent term), and a specific countermeasure (evacuation based on a forecast). The unique case of the 4 February 1975 Haicheng earthquake (Wang et al., 2006) offers the opportunity of evaluating the effectiveness of the mitigation taken. The prediction of, and evacuation before, this wellknown earthquake has been controversial (Hammond, 1976 , Geller et al., 1997 ; and the varied reports of deaths (1326 [Quan, 1988] ; 2041 [Wang et al., 2006] ; or only a few [Davies, 1975] ) during this earthquake further added to the debate on whether or not the forecast and evacuation really saved a substantial number of lives. Here we estimate quantitatively how many lives may have been saved and how many injuries prevented by the timely evacuation before the M 7.3 Haicheng, China, earthquake of 1975.
VERIFICATION
Before calculating casualties (fatalities and number of persons injured), we must verify our method's capability to estimate casualties correctly in the country where the earthquake was located. We have estimated casualties in real time for eight damaging earthquakes in China over the last 10 years without information from the source area. In each case, we have issued e-mails to about 300 recipients who signed up for the free alert service for damaging earthquakes worldwide, specifying the ranges of fatalities and injured to be expected within 40 min (average) of the occurrence time (Wyss and Zibzibadze, 2009) . If these predictions of the losses were correct, then we can expect that hypothetical calculations of losses, applicable to the future or the past, can be taken as reasonably reliable. Table 1 shows the comparison between the ranges of casualties estimated in real time with the observed numbers, reported weeks later on the U.S. Geological Survey PAGER web page. The three disastrous earthquakes are the most important for verification. First, because in the case of small numbers of casualties (fewer than about 200) the numbers can double by just one additional apartment building or industrial plant collapsing, rendering the verification unstable. Second, we wish to estimate losses for the disastrous Haicheng earthquake, thus the verification should be based mostly on disastrous events of the past (bold values in Table 1 ).
The agreement of the estimated casualties with the observed ones is excellent, considering the numerous sources of uncertainties. In all three cases of the past disastrous earthquakes, the observed numbers of fatalities fall within the range of the estimated ones. The observed numbers of injured are higher than, but comparable to, the maximum of the calculated ones in two cases and within the estimated range in one case. There always remains the question of how many injured people were treated officially in a hospital and how many were treated as ambulatory without being counted.
We conclude that we may expect the average fatalities estimated with the computer tool QLARM (Trendafiloski et al., 2009) for hypothetical earthquakes to be correct and the estimated numbers of injured to be a minimum. QLARM contains a number of algorithms to calculate losses; it further contains the option of selecting an appropriate attenuation function, and it contains data sets on population, as well as building stock. Given the successful comparison of observed with calculated human losses (Table 1) , we assume that all of these components of QLARM are approximately correct.
Although the estimated casualties in the test earthquakes (Table 1 ) match the observed ones, it might be possible that the standard attenuation function used for the test cases is not applicable to the Haicheng area. Therefore, we have compared the theoretically calculated intensities (Fig. 1) with the observed ones (Quan, 1988) . The comparison shows that the standard attenuation function we use yields intensity IX as the maximum, which agrees with the maximum shown on the macroseismic map (Quan, 1988) . The extent of the theoretical intensity VI area is also approximately the same as that reported. Assuming lower attenuation of a kind that might be encountered in a continental area leads to maximum intensities of XI, which were not observed. Therefore, we conclude that the results based on the standard attenuation law are reliable. Figure 1 shows maps of the calculated mean damage per settlement and the inset presents the intensity (modified Mercalli scale) expected at the settlements in the database of QLARM for the M 7.3 earthquake of 4 February 1975. The depth was assumed to have been 15 km, and our standard average attenuation function (Shebalin, 1968) was used. The average of the theoretically expected number of fatalities and the maximum number of injured are compared with the respectively reported numbers from two sources (Quan, 1988; Wang et al., 2006) in Table 2 .
ESTIMATED LOSSES WITHOUT EVACUATION
QLARM assumes an occupancy rate of the population indoors, which is a function of time of day. The theoretical calculations of casualties presented here assume the normal occupancy rate; that is, it does not account for the fact that a portion of the population had been evacuated.
In the first row of Table 2 , the results are shown with the population data for 2010 in QLARM. In the lower rows, the losses are reduced by 20%, assuming that the rural population in the affected area was less compared to that in 2010 by that amount. Two sources (last column of Table 2) give different numbers for the fatalities and the injured observed. Therefore, we take the average of the two differences as the best estimate of the casualties saved.
DISCUSSION
"To evacuate or not?" is the difficult question facing the people responsible for public safety in case of a perceived increased probability of a damaging earthquake occurring. In cases of Source parameters of the events are listed in the first five columns.
▴ Figure 1 . swarms of small earthquakes, the probability of a damaging earthquake to follow is about 1%-5% (Reasenberg and Jones, 1990) . To calculate a cost-benefit ratio for evacuations (van Stiphout et al., 2010) is considered callous by some because it requires attaching a monetary value to a human life, but ignoring the issue does not advance the capability to mitigate disasters.
In the estimate of losses without evacuation, we have used the building stock data that gave correct QLARM results for the recent earthquakes (Table 1) . This is justifiable because most estimated fatalities occur in rural settlements. The urban centers of Haicheng and Yingkou are located at distances of approximately 30 km from the epicenter and therefore play a minor role in the theoretical fatality count, which is altogether about 4%. In urban centers of China, major changes in the building stock have taken place since 1975, but not so much in rural areas, where people live in the same or similar types of buildings for many decades. Thus, we verify our capability to estimate earthquake losses in China with the current rural building stock, although economic changes have taken place in China since 1975. This adds an unknown degree of uncertainty to our calculations. Assuming that the few new buildings in rural areas are more resistant to strong shaking than the old buildings, and being unable to account for this difference, our calculation of the numbers of casualties in 1975 should be taken as a minimum estimate.
Among the many error sources that affect estimates of losses, several are reduced to a minimum in this case. The epicenter, depth, and magnitude are well known. The mapped macroseismic intensities pin down the appropriate attenuation function, and the effects of collapsing buildings on people has been verified for several earthquakes in China.
Soil conditions vary and influence the damage locally. The data in QLARM contain microzonation information for 46 large cities worldwide but none for cities in the area affected by the Haicheng earthquake. Experience has shown that in cases like the one studied here, where approximately 1.5 million people are affected and more than 200 separate settlements contribute to the death toll, the effects of varying soil conditions are averaged out.
The weakest assumption is the population growth in the rural epicentral area between 1975 and 2010 taken as 20%. The population of all of China has grown by a factor of about 1.46 during this time (https://en.wikipedia.org/wiki/ Demographics_of_the_People%27s_Republic_of_China, last accessed November 2013). If the rural Haicheng area had grown by factors of 1.1 or 1.3 instead of the assumed 1.2, then our estimate of the casualties without evacuation would be in error by about 10%.
For the aforementioned reasons, special error sources are not expected to introduce much more than about 10% to the calculations presented here. The formal errors calculated in QLARM due to the several probability functions involved in the computation are typically 50%. Therefore, the estimates of human losses without evacuation in the Haicheng 1975 earthquake (Table 2) can be accepted as reliable with a possible error of ±60%. The estimate found in the literature that "otherwise (without evacuation) tens of thousands of fatalities might have been expected" (Whitham et al., 1976) is an overestimate, according to our results.
Using the results presented here when making decisions in a case in which an earthquake may have been forecast, or when an increased probability for a damaging earthquakes exists, may not be simple. The consequences of damaging earthquakes and unnecessary evacuations both cost society in a complex way because direct losses, as well as indirect socioeconomic losses, result.
When a damaging earthquake occurs after many small events have been felt, the population understandably believes that experts should have warned them, as in the case of the M 6.3 L'Aquila earthquake in 2009. The public may even believe that the experts deserve punishment for the failure to have warned them (http://news.sciencemag.org/earth/2012/10/ newsflash-laquila-earthquake-experts-found-guilty, last accessed November 2013; http://www.earthmagazine.org/article/voicesjudged-unfairly-laquila-roles-and-responsibilities-should-havebeen-considered, last accessed November 2013; http://www. nature.com/news/l-aquila-verdict-row-grows-1.11683, last accessed November 2013), even though the probability of a mainshock to follow is less than 5% (Reasenberg and Jones, 1994) . The search for specific features of a swarm that might identify it as a foreshock sequence has not yielded a parameter that could be used for a forecast in real time. Nevertheless, there have been some cases in which a swarm of earthquakes has been correctly interpreted as a foreshock sequence, as in the The top row shows the results using the population numbers of 2010. For the second and third rows it is assumed that the rural population in the epicentral area numbered 20% less in 1975 than in 2010.
case of the 1999 M s 5.4 Xiuyan earthquake, which occurred near the Haicheng region (Zhang, 2004; Li et al., 2011) .
CONCLUSIONS
Based on theoretical calculations of the casualties that would have resulted without evacuation before the Haicheng earthquake, we estimate that approximately 8000 lives and 27,000 injuries (60%) were avoided. This may be a minimum estimate because even rural areas contain some new buildings, which may be more resistant to strong ground motions, and our data set for the buildings may only approximately model the building stock in 1975. Until now, asking quantitatively the question how many lives and injuries may have been saved in historical cases where mitigating measures had been taken seemed futile. However, the development of scenario loss estimates with advanced methods now makes it possible. We suggest that the method we used here may be applied not only to earthquakes, but also to floods, tsunamis, and possibly armed conflicts.
